INTRODUCTION
One of the trends in eddy-current (Ee) NDE is to probe deeper by working at lower frequencies. In aircraft NDE, frequencies as low as 300 hertz have been used to inspect lap joints involving several layers of aluminum plate [1] [2] [3] [4] [5] . Remote-field EC works at a few tens of hertz to penetrate the walls of ferromagnetic tubes such as oil-well casings or heat-exchanger tubes in power plants [6, 7] .
One factor limiting the sensitivity of low-frequency EC is the magnetic sensor that detects the eddy-current response of the sample. The conventional EC sensor, based on the voltage induced in a coil of wire, becomes less and less sensitive as the frequency is reduced. Fundamentally, this trend arises because the induced voltage is not proportional to the magnetic field, but to its rate of change. To maintain high sensitivity at low frequencies, we need sensors that detect the amplitude of the magnetiC field, and not its rate of change.
The most sensitive low-frequency magnetometers are SQUIDs (Superconducting QUantum Interference DeVIces). Experiments with SQUIDs have demonstrated that low-frequency eddy-current measurements can detect small defects many millimeters deep in aluminum plates [8] [9] [10] [11] [12] [13] [14] . However, SQUID instruments are complex and expensive to use, because the SQUID only works at temperatures below lOOK.
For most practical applications, we need sensors that work at room temperature. Several groups have developed low-frequency EC probes with Halleffect sensors. These systems have shown some promise for detecting subsurface cracks in aircraft structures [2] [3] [4] [5] . Hall probes are inexpensive, and their small size lends itself to EC measurements With high spatial resolution. However, their modest sensitivity limits our ability to detect small flaws through thick layers of metal.
Recently, Eastman Kodak: has developed a small room-temperature sensor with sensitivity far greater than that of Hall probes [15] . The new sensor is a thin-film device combining a magnetoresistive (MR) element with an integral flux concentrator. This device easily resolves magp.etic fields of order lO-IO T, and its theoretical noise limit is below 10-12 T Hz-1/2. The sensor works from zero frequency to many megahertz. In its present form, the entire device fits on a substrate 2.5 mm wide by 3.2 mm long. The substrate can potentially be made even smaller with a minimal loss of sensitivity.
Using these improved MR sensors, we can potentially develop EC instruments which detect smaller flaws, penetrate thicker layers of metal, scan larger areas in less time, provide ~reater spatial resolution, and operate over a wider range of frequencies. In thIS paper, we present our first low-frequency EC measurements With the new sensors. We discuss fIrst our prototype MR EC instrument, then the experimental technique, and finally the results of these experiments.
PROTOTYPE EDDY-CURRENT SENSOR
To take full advantage of the low-noise MR sensors, we designed our EC instrument to minimize other noise sources including ambient magnetic noise, fluctuations of the applied AC field, and variations in liftoff. We combined a differential measurement technique with an excitation-coil configuration that canceled out most of the AC applied field at the locations of the MR sensors.
To reject ambient magnetic noise, we measured the difference in magnetic field between two MR sensors (A and B). This magnetic gradient measurement cancels out the spatially uniform magnetic fields from distant noise sources, but still detects the spatially nonuniform fields produced by a nearby signal source such as a crack in the eddy-current sample.
To minimize errors due to fluctuations of the AC applied field, we designed the excitation coil to minimize the AC field seen by the MR sensors. In this design, the sensors are sandwiched between two parallel printed-circuit boards. The central region of each board contains many parallel, evenly spaced traces which all carry the same current. This geometry approximates the effect of a uniform sheet of current ( Fig. 1 , left-hand side). The two circuit boards are connected in series so that the current sheets flow in the same direction in both boards. With this arrangement, the magnetic fields from the two current sheets reinforce each other in the zone just outside of the sandwich, but cancel each other in the zone between the two current sheets. Consequently, the AC field seen by the MR sensors is much smaller than that applied to the surface of the sample.
The right-hand side of Fig. 1 shows the sandwich structure opened up to show how the MR sensors are mounted. The A and B sensors of the magnetic gradiometer are in symmetrical positions, on opposite sides of the center line of the circuit board, so that the AC field is not only small, but approximately the same for both sensors. With this symmetrical arrangement, taking the difference of the A and B sensor outputs helps to cancel out any fluctuations in the AC field seen by the two sensors. The third sensor visible in the figure is a reference sensor, which we used to subtract the common-mode background field from the A and B sensors of the magnetic gradiometer. This arrangement is an adaptation of the Three-Sensor Gradiometer recently developed at IBM [16] . All three sensors are oriented so as to detect the component of the magnetic field parallel to the surfaces of the printed-circuit boards and perpendicular to the dIrection of the current in the excitation coils. The actual MR sensors are not visible in the figure. The lightcolored rectangles seen in the photograph are small ceramic slabs on which we have mounted the MR sensors. In our present design, the A and B sensors are separated by approximately 19 mm, the two current sheets are approximately 11 mm apart, the lower current sheet is approximately 0.5 mm above the sample surface, and the MR sensors are centered roughly 5.5 mm above the sample surface.
To cancel the AC fields at the sensors, our design depends on having the same current distribution both above and below the sensors. When the instrument is placed next to a metal sample, this symmetry is broken by the eddy currents in the sample. We partially compensated for this effect by mounting a metal plate above the upper current sheet, of the same material and roughly the same thickness as the sample. This dummy sample plate is not shown in Fig. 1 .
In its present form, our MR EC instrument resolves AC magnetic signals of approximately 2xlO-9 T, 10 5 times smaller than the AC field applied to the sample surface. Since the noise Increased significantly when the AC field was turned on, we believe that the resolution was limited by fluctuations in the AC field, and not the sensors themselves. We expect to improve this performance by increasing the stability of the AC field, and improving the balance of the magnetic gradient measurements to cancel out any remaining fluctuations of the AC field.
SAMPLE PREPARATION AND MEASUREMENT PROCEDURE
In our eddy-current measurents with the MR sensors, we supplied an AC current of approximately 200 rnA to the excitation coils. From the geometry of the coils, we calculated that the ~plied AC field at the sample surface was approximately two oersted (2x1O tesla).
To evaluate the AC magnetic response of the sample, we fed the outputs of the A and B sensors to a lockin amplifier (Stanford Research Systems SR-530). We used the lockin amplifier to subtract the AC signals from the two sensors.
The sample for our eddy-current measurements was a large aluminum plate, roughly 0.19" (4.9 mm) thick, 24" wide and 24" long. Usin~ an ordinary center drill, we made a conical depression approximately 0.05" (1.2 mm) deep and 0.1" (2.5 mm ) in diameter at the base, on one surface of the plate. The volume of this cone is roughly 2 mm 3 . Fig. 2 shows the eddy-current signature of this 2-mm 3 cavity, as measured with the sensor on the opposite side of the 4.9-mm aluminum plate. In this measurement, we used an AC frequency of 77.5 Hz. We scanned the eddycurrent sensor in one direction, while recording the difference in the AC fields seen by the A and B sensors. As shown in the figure, this difference signal goes through a minimum, then a maximum, as the B sensor and A sensor pass in turn over the flaw. The amplitude of the flaw signature, the difference between the two extrema, corresponds to approximately 3xlO-4 of the AC field applied to the sample surface.
RESULTS OF EDDY-CURRENT MEASUREMENTS
This amplitude varied by only 2% in two successive scans (diamonds and squares in Fig. 2 ). The two repetitions differed somewhat more in the baseline levels on either side of the peaks. We attribute most of this difference to slow drifts in the baseline of the AC amplitude measurements. We spent roughly 15 minutes on each scan, moving the sensor by hand, measuring its position with a ruler, and stopping every few millimeters to record the AC signal. Over such a long measurement period, the baseline in our measurements could easily drift by an amount comparable to the differences between the two scans in Fl~. 2. We observed similar drifts in other measurements where we simply morutored the output of the instrument without moving the sensor.
Over periods of seconds, however, the typical fluctuation of the detected AC signal was roughly 30 times smaller than-the observed amplitude of the flaw signature. These results indicate-that, if we scan faster or eliminate the longterm drifts, the MR eddy-current sensor can potentially detect flaws much smaller and more deeply bured than that used in these preliminary experiments.
CONCLUSIONS
The results presented here are an initial indication of the usefulness of magnetoresistive sensors in eddy-current measurements. Our prototype instrument easily detected a small cavity on the back surface of an aluminum plate nearly 5 mm thick. The high signal-to-noise ratio indicated that the instrument could detect much smaller flaws through thicker layers of metal. Still greater sensitivity may be achieved by improving the apparatus so that it works closer to the intrinsic noise threshold of the MR sensors themselves.
As we improve the noise of the EC instrument itself, the flaw-detection threshold will eventually become limited by other factors such as variations in liftoff, nonuniformities In magnetic permeability, or the interferins signals produced by fasteners. However, even when we have reached these hmits, we can exploit the MR sensors to improve EC measurements in other ways. The low sensor noise may let us reduce data-averaging times, so that we can scan large areas rapidly. The low noise might also allow us to trade some sensitivity for smaller sensor size, producing a closely spaced scanning array that maps the sample surface with high spatial resolution. The sensor's wide frequency range may lead to a single instrument that works at tens of hertz to detect deeply buried defects, but also works up to a megahertz or more for optimal resolution of small surface flaws. Combinmg all these capabilities, an eddy-current instrument based on these improved magneto resistive sensors may become a flexible, powerful tool for a wide range of NDE problems.
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